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(54) Titie: ACTIVE PIXEL SENSOR WITH BOOTSTRAP AMPLIFICATION 



(57) Abstract 

In a first embodiment an active pixel sensor in- 
cludes a photodiode for capturing photocharge, a re- 
set transistor for resetting the photodiode to a reset 
potential, and a readout transistor, and in a second 
embodiment an active pixel sensor includes a photo- 
diode for capturing photocharge, a reset transistor for 
resetting the photodiode to a reset potential, a transfer 
transistor for transferring captured photocharge, and a 
readout transistor. In both embodiments, the readout RESET 
transistor has a drain that is coupled to a first supply 
voltage during integration of photocharge and a sec- 
ond supply voltage during readout of the photocharge. 
Accordingly, the sensitivity of an active pixel sensor 
is increased by increasing the fill factor, the noise of 
an active pixel sensor is reduced by increasing the rel- ROW 
ative side of the readout transistor, and the gain is SELECT 
compressive as the relative light intensity in an active 
pixel sensor increases. 
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SPECIFICATION 

ACTIVE PIXEL SENSOR WITH BOOTSTRAP AMPLIHCATION 



BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to active pixel sensors. More particularly, the 
present invention relates to variable biasing of the readout transistor in an active pixel 
sensor to improve sensitivity, reduce noise and to provide compressive non-linearity in 
the charge-to- voltage gain. 

2. The Prior Art 

In the art of CMOS active pixel sensors, the sensitivity, noise, and nature of the 
gain of an active pixel sensor present issues of concern. The sensitivity of an active 
pixel sensor in measuring the charge generated by the photons striking the active pixel 
sensor is typically characterized by determining the volts generated per photon of light 
striking the active pixel sensor and is termed charge-to-voltage gain. The readout 
amplifier in an active pixel sensor represents a substantial source of noise that in prior 
art pixel sensors has required design Uradeoffs. The gain in prior art active pixel sensors, 
is most often expansive, though it is preferred to be compressive. 

The sensitivity of an active pixel sensor is determined by at least three factors. 
The first is related to the percentage of ttie area of the area in tiie active pixel sensor 
available for converting photons to electrons. This is known as tiie fill factor. An 
increase in the area leads to an increase in the amount of charge generated. A second 
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connected to a voltage reference, Vref. The drain of N-channel MOS readout transistor 
1 6 is connected to a fixed potential Vcc, and the drain of N-channel MOS readout 
transistor 16 is connected to an N-channel MOS row select transistor 18. Typically, the 
voltage Vref and the voltage Vcc are the same. In the active pixel sensor 10. the 
capacitance available for the integration of the charge sensed by the active pixel sensor 
10 includes the photodiode 12 capacitance and the gate capacitance of the N-channel 
MOS readout transistor 16. 

The operation of the active pixel sensor 10 as it is typically performed is well 
understood by those of ordinary skill in the art. A timing diagram corresponding to the 
operation of active pixel sensor 10 is depicted FIG. IB. The active pixel sensor 10 is 
first reset by a RESET signal, during a reset step, that turns on N-channel MOS reset 
transistor 14 to place the voltage Vref on the cathode of the photodiode 12. An 
integration step begins when the RESET signal makes a transition from HIGH to LOW 
wherein photo-generated electrons are collected on the photodiode 12 to reduce the 
voltage on the cathode of the photodiode 12 from the value Vref placed there during the 
reset step. During a readout step, a ROW SELECT signal will be asserted to turn on N- 
" channel MOS select transistor 1 8 to place the voltage at the source of N-channel MOS 
readout transistor 16 on the column output line for detection. It should be appreciated 
that the voltage on the gate of N-channel MOS readout transistor 16 formed by the 
charge accumulated on the cathode of the photodiode 12 will be followed by the source 
of N-channel MOS readout transistor 16. 

In FIG. 2A. the CMOS active pixel sensor 30 has embedded storage. The active 
pixel sensor 30 includes a photodiode 32 having an anode that is connected to ground 
and cathode that is connected to the source of N-channel MOS reset transistor 34. The 
, X .^c ,..ot troncictnr u rnnnpcted lo a RESET line, and the drain of 
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transistor 42 is subsequently turned on so that the voltage at the gate of the N-channel 
MOS readout transistor 40 will be followed by the source of N-channel MOS readout 
transistor 40 to be placed on the column output. 

In both active pixel sensors 10 and 30, by minimizing the gate area of the N- 
channel MOS readout transistor 16 and 40, respectively, the area provided to the 
■ photodiodes 12 and 32, respectively, can be made larger to improve the sensitivity by 
increasing the fill factor, and reducing the area for capacitance. Unfortunately, in 
reducing the gate capacitance of the N-channel MOS readout transistor 16 and 40, the 
noise in the N-channel MOS readout transistors 18 and 40 increases by an amount that 
is roughly in an inverse proportion to the gate areas of the N-channel MOS readout 
transistors 16 and 40. As such, when the gate area of the N-channel MOS readout 
transistors 16 and 40 is made smaller, the noise increases, and when the gate area of the 
N-channel MOS readout transistors 16 and 40 is made larger, the noise decreases. 

In the case of the active pixel sensor 30, wherein the storage element 38 is 
.' included as a separate element, the sensitivity and noise issues are made more acute. 
The sensitivity is reduced because storage element 38 further reduces the fill factor, and 
the noise is incresed because it reduces the available space for the N-channel MOS 
readout transistor 40. - 

Accordingly, it is an object of the present invention to increase the sensitivity of 
an active pixel sensor. 

It is a further object of the present invention to decrease the noise of an active 
■pixel sensor. - 
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connected Co the second drain/source of the .^.sfer transistor, and the drain is 
connected to a switchable supply voltage. 

in a ntethod accoiding to the p«seM invention, thevoltage-at *e drain of the 
. .adou, transistor o, an acUve pixel sensor is held at a low level during the integration 

. in synchronism with the row select signals during the readout period. 

BRIEF DISCRIPTION OF THE DRAWINGS 

FIG. I A illustrates a simpUHed schematic of a first known active pixel sensor. 
FIG. m is a timing diagran, corresponding to the operation of .he active pixel 
sensor depicted in FIG. 1 A. 

, FIG. 2A illustrates a simpUned schematic of a second icnown active pixel 

sensor. . . 

FIG. 3A Ulustrates a simplified schematic of a frstembodimem of an active 
. pixel sensor according to the present invention. 

.FiG.3Bisa.imi.gdiagramcorrespondingtotheoperationoftheac.ivepixel 
sensor depicted in FIG. 3A. 

. HG. 4A illustrates a simpUfled schematic of a second embodiment of an active 
. pixel sensor according to the pieseM invention. 
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DETAILED DESCRIPTION OF A PREFERRED EMBODIMENT 
Those of ordinary skill in the an will realize that the following description of the 
present invention is illustrative only and not in any way limiting. Other embodiments of 
the invention wiirreadily suggest themselves to such skilled persons. 

In FIGS. 3A and 4A, first and second embodiments of active pixel sensors 50 
and 60, respectively, according to the present invention are depicted. The active pixel 
sensor 50 in FIG. 3A is similar to the active pixel sensor 10 of FIG. . 1 A, and 
accordingly, the same references numerals are employed. Active pixel sensor 50 differs 
from active pixel sensor 10 in the important aspect that the drain of the N-channel 
MOS readout u-ansistor 18 is connected to a switchabie supply voltage Vd. 

A timing diagram corresponding to the operation of active pixel sensor 50 is 
depicted FIG. 3B. In the operation of active pixel sensor 50. the RESET signal is first 
at a HIGH level to turn on the N-channel MOS reset transistor 14 and thereby set the 
cathode of photodiode 12 at Vref. When the RESET signal makes a transition from 
HIGH to LOW at falling edge 52. the integration of photocharge as described above 
begins. During a readout step, in contrast to the prior art, the supply voltage Vd at the 
drain of the N-channel MOS readout transistor 16 is switched to make a transistion from 
' LOW to HIGH . According to the present invention, the supply voltage Vd may either 
be brought HIGH during the entire readout, as illustrated by dashed line 54 or it may be 
brought HIGH when each of the ROW SELECT signals 56-1 through 56-n is asserted. 
. . It should be appreciated that the ROW SELECT 1 through n lines are connected to rows 
of the active pixel sensors 50 in a manner understood by those of ordinary skUl in the 
art. When the ROW SELECT signals 56-1 through 56-n are asserted the images stored 
. in the respective active pixel sensors 50 for each of the rows will be read out in a 
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level, preferably near ground, during the integration period, and then set to a second 
voltage level, preferably greater than Vref, during the readout period. Pursuant to these 
biasing condition, the gates of the N-channel MOS readout transistors 16 and 40 in 
active pixel sensors 50 and 60, respectively, operate as large nonlinear capacitors during 
the charge integration period, and as small and nearly linear capacitors during the 
readout period. 

When the sources of the N-channel MOS readout transistors 16 and 40, 
respectively, are set near ground, the N-channel MOS readout ttansistors 16 and 40 will 
be named on. As such, the gates of N-channel MOS read out transistors 16 and 40 
provide a large capacitance. During integration, the large on-state capacitance at the 
gates of N-channel MOS readout transistors 16 and 40 is connected in parallel with, and 
therefore adds to, the capacitance of the photodiodes 12 and 32, respectively. This 
increased capacitance decreases the charge-to-voltage gain during the integration 
period. 

However, when the drains of N-channel MOS readout transistors 16 and 40 are 
brought high during the readout period, the change in the variable supply voltage Vd 
boosts the voltage on the gate via a "bootstrap" capacitive coupling effect well known 
to those of ordinary skill in the art, and the decrease in the charge-to-voltage gain 
. realized during the integration period described above will typically be compensated for 
by the increased readout gain that comes from the bootstraping dynamics when the 
drains of N-channel MOS readout transistors 16 and 40 are brought high. This 
bootstrap effect provides a large operating range of the output signal voltages. 
Accordingly, this biasing scheme according to the present invention increases the 
sensitivity of the active pixel sensor. 
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During the readout period of active pixel sensor 60, the effect of the bootstrap 
action is both beneficial and surprising. After accumulating charge during the 
integration period, the N-channel MOS transfer transistor 36 is turned off by the control 
signal on the XFR line. When the gate capacUaiice of N-channd MOS readout 
transistor 40 becomes small during readout, the area to which the photo-generated 
charge may be redistributed is small. That is. the associated stray capacitance of the 
circuit node that includes the source/drain terminal of N-channel MOS transfer 
transistor 36 and the gate terminal of N-channel MOS readout transistor 40 is quite 
small, compared to the photodiode 12 capacitance. This greaUy reduced capacitance 
leads to an increased charge-to- voltage gain. 

The limit on the achievable charge-to-voltage gain is determmed by the linear 
combination of the voltage at the gate of N-channel MOS readout transistor 40, and the 
back-gate or substrate voltage of the N-channel MOS readout transistor 40 that is 
needed to place the N-channel MOS readout transistor 40 at threshold. The resulting 
conversion is a nearly linear function of the charge signal that was captured on the 
storage node at the gate of N-channel MOS readout transistor 40. 

It should be appreciated that when the column output and the sources of the N- 
channel MOS read out transistors 18 and 40 settle, the N-channel MOS readout 
transistors 18 and 40 wUl be near threshold. The voltage at the source, taking into 
account the body effect, is expressed by the following relation: 

Vs=k(Vg-Vt^) 

Accordingly, the two unknowns, the source and the gate voltages of N-channel 
. MOS readout transistors 16 and 40 are linearly related. 
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This implies that the gain from the signal initially stored at the gate of N-channel MOS 
readout transistors 16 and 40 to the column output during read out is expressed by the 
following relation: 



K(CoD + Cos + Cs) 
dVs/dVoo = ■ 



Cgd + (1 - K)Cas + Cs (l-KT) 
wherein the approximation holds for small values of Cqd and Cs- 

The linear conversion of captured charge to a final voltage on the column output 
line has two beneficial consequences. First, it means that a large capacitance value at 
the gate of N-channel MOS readout transistor 40 has a beneficial, rather than a harmful, 
effect on the overall gain, since a larger capacitance on that side of the N-channel MOS 
transfer transistor 36 means that a larger fraction of the photocharge is captured, as 
opposed to being wasted charging the photodiode 32 itself. The overall gain will 
typically exceed even the gain of the photodiode 32 without any additional capacitive 
loading. Therefore, increasing the N-channel MOS readout transistor 40 size to reduce 
noise will not substantially reduce the gain. 

Second, the linear conversion from captured charge to output voltage can lead to 
a beneficial compressive non-linearity as follows. As photocharge is accumulated, the 
gate of N-channel MOS readout transistor 40 will fall in voltage until at some point it 
falls below a threshold voltage, at which point the gate capacitance will change from 
high to low. Further photocharge wUl accumulate primarily on the photodiode 32 
capacitance only, so the voltage at the gate of N-channel MOS readout transistor 40 will 
fall more quickly. This charge-to-voltage break-point non-Unearity during integration is 
.vr,«nc;v.. not romoressive. but nonetheless leads surprisingly to a compressive break- 
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end of the integration period with the gate voltage during the readout period reveals that 
the voltage at the gate has gone from about .6 volts to about .9 volts. In FIG. 7. a 
comparison of the gate voltage at the end of the integration period with the gate voltage 
during the readout period reveals that the voltage at the gate has gone from about .2- 
yolts to about .6 volts. The increase at the gate in these examples is a result of the 
bootstrap amplification that takes place due to capacitive coupling between the drain 
and source and the gate of the readout transistor. This increase is generally an amount 
that is less that the amount that the source of the readout transistor is increased, unless 
the gate-drain overlap capacitance is significant. 

In the examples shown in FIGS. 5, 6. and 7. the value of kappa, K, described 
above is two-thirds, and is .6 volts. W accordance with the above discussion, the 
output source voltage will settle such that two-thirds of the gate-to-source voltage, V^s- 
added to one-third of the bulk-to-source voltage, V,, will be equal to approximately .4 
volts. In HGS. 5, 6, and 7, during the readout period, this provides source voltages of 
1.7, .2, and nearly 0 volts, respectively. 

In FIG. 8, the voltage depicted for the differing light conditions in HGS. 5, 6, 
and 7 for the source during readout is illustrated graphically. FromFIG. 8,.those of 
ordinary skiU in the art will readily appreciate that according to the present invention, 
the gain is compressed as the relative intensity in the light increases. This can be 
observed from the graph of the voltage Vs at the source during readout by comparing 
area A in the graph with area B in the graph. Area A of the graph of Vs has a first 
. slope, and area B of the graph of Vs has a second slope such that the slope of area B has 
an absolute value that is less than the absolute value of the slope in area A. This change 
in the slope of the graph of Vs as the relative light intensity increases corresponds to a 
. , ^u-. i;«o ;r.^;r>ot^c tVinr the. frain becomes even more 
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What is Claimed is: 



1 An active pixel sensor comprising: 

~a photosensor having a first terminal and a second terminal, said first ternurial 

coupled to a first reference potential; 

a reset transistor having a gate, a source and a drain, said gate coupled to a reset 
line, said drain coupled to a second reference potential, and said source coupled to said 
second terminal of said photosensor; and 

a readout transistor having a gate, a source, and a drain, said gate coupled to said 
second terminal of said photosensor, and said drain coupled to a switched supply 
voltage to change capacitance at said gate when said supply voltage is switched. 

2. An active pixel sensor as in claim 1, wherein said gate of said readout transistor 
is coupled to said second terminal of said photodiode by a transfer transistor having a 
first source/drain coupled to said second terminal of said photosensor, a second 
source/drain coupled to said gate of said readout transistor, and a gate coupled to a 
transfer line. 

3. A method of operating an active pixel sensor having a photosensor, a reset 
.transistor, a readout transistor, and a row select transistor, said readout transistor having 

a gate coupled to said photosensor, a drain coupled to a switchable supply voltage, and a 



source. 



and said row select transistor having a gate coupled to a row select line, a drain 
coupled to said source of said readout transistor, and a source, comprising the steps of: 

applying a reset signal at a first logic level to said gate of said reset transistor 
during a reset period to set said photosensor at a reset potential; 

applying a reset signal at a second logic level to said gate of said reset transistor 
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applying a transfer signal at a second logic level to said gate of said transfer 
transistor to end capture of photocharge; 

applying a first supply voltage to said drain of said readout transistor during said 
integration period to bias said readout transistor to have a first gate capacitance; 

applying a row select signal at said gate of said row select transistor during a 
readout period to output a signal conresponding to said photocharge; and 

applying a second supply voltage to said drain of said readout transistor during 
said readout period to bias said readout transistor to have a second gate capacitance less 
than said first gate capacitance. 

6. The method of operating an active pixel sensor as in claim 5, wherein said 
second supply voltage is applied approximately in synchronism with said row select 

signal. * 
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